Florida citrus trees must be irrigated to reach maximum production due to low soil water-holding capacity. In a highly urbanizing state with limited water resources, improved understanding of soil water uptake dynamics is needed to optimize irrigation volume and timing. The objectives of this study were: (i) estimate mature citrus daily evapotranspiration (ET c ) from changes in soil water content (u), (ii) calculate citrus crop coefficients (K c ) from ET c and reference evapotranspiration (ET o ), (iii) determine the relationship of soil water stress coefficient (K s ) to u, and (iv) evaluate how ET c was related to root length density. In a 25-mo field study using mature 'Hamlin' orange [Citrus sinensis (L.) Osbeck] trees, ET c averaged 1137 mm yr
, and estimated K c ranged between 0.7 and 1.1. Day of year explained more than 88% of the variation in K c when u was near field capacity. The value of K s decreased steadily from 1.0 at field capacity (u 5 0.072 cm 3 cm 23 ) to approximately 0.5 at 50% available soil water depletion (u 5 0.045 cm 3 cm 23 ). Roots were concentrated in the top 15 cm of soil under the tree canopy (0.71 to 1.16 cm roots cm 23 soil), where maximum soil water uptake was about 1.3 mm 3 mm root 21 d 21 at field capacity, decreasing quadratically as u decreased. Estimating daily plant water uptake and resulting soil water depletion based on root length density distribution would provide a reasonable basis for a citrus soil water balance model.
F
LORIDA is one of the fastest growing states in the USA, adding about 700 new residents each day. Concurrently, competition for limited water resources is increasing. Improving our knowledge of soil and plant factors that affect water uptake by Florida citrus trees is essential to optimize irrigation volume and timing so that water can be more efficiently used. Better irrigation scheduling will also reduce negative impacts on ground water quality due to agrichemical leaching through Florida's highly porous sandy soils.
Citrus water requirements vary with climatic conditions and variety (Rogers and Bartholic, 1976; Boman, 1994; Fares and Alva, 1999) . Florida citrus ET c typically ranges between 820 and 1280 mm yr 21 (Rogers et al., 1983) . In addition to tree uptake, soil water content can be reduced by evaporation from the soil surface and transpiration from noncrop species (Allen et al., 1998) . Soils lose their ability to conduct water to the surface as they dry (Hillel, 1998) . Likewise, citrus ET c decreases as the fraction of the soil surface receiving full sunlight decreases and the canopy shades an increasingly larger ground area (Castel and Buj, 1992) . Conversely, soil water use or apparent ET c increases with increased ground coverage by noncrop species (Smajstrla et al., 1986) .
The above factors combine to limit ET c for a given crop under specific conditions. Allen et al. (1998) proposed that ET c can be derived from ET o as follows:
ET c 5 (ET o )(K c )(K s ) [1] where ET c is crop evapotranspiration (mm d 21 ); ET o is potential evapotranspiration (mm d 21 ); K c is crop coefficient; and K s is soil water depletion coefficient.
K c is defined as the ratio of ET c to ET o when soil water availability is nonlimiting. In this case, K s is assumed to be equal to unity. K c is indicative of climatic and/or developmental effects on ET c compared with ET o . Estimates of K c for a wide range of citrus tree sizes span from 0.6 in the fall and winter to 1.2 during the summer months (Boman, 1994; Fares and Alva, 1999; Martin et al., 1997; Rogers et al., 1983) . As soil water content (u) decreases, soil water potential (f) also decreases, resulting in lower plant soil water uptake and thus lower ET c /ET o ratios. Allen et al. (1998) suggested that for most soils, a value of u less than field capacity (u FC ) exists where water uptake is not limited by f. They referred to the range of u above a critical threshold value (u t ) as readily available water (RAW), and used it to estimate K s as the ratio of remaining available soil water to soil water that is not readily available ( Fig. 1) :
where K s is soil water depletion coefficient (K s # 1); ). The greater the RAW for a given soil, the longer water can be withdrawn from it before ET c is limited. Thus, K s is a measure of the reduction in ET c caused by reduced soil water uptake due to decreased u and f. However, our experience in Florida has suggested that RAW in sandy citrus soils is much smaller than the relative amount suggested by Allen et al. (1998) . If one assumes that K c is constant over relatively short time periods, then the reduced ET c /ET o ratios must be a result of lower K s values. Therefore, the correction coefficient used to estimate ET c from ET o is a product of
When managing water for citrus production, u must be maintained within a range that allows sufficient water uptake for optimum growth while simultaneously preventing nutrient leaching below the root zone. While the upper limit of u is typically defined as u FC , the soil water content at which redistribution of water essentially ceases after free drainage occurs (Hillel, 1998) , the lower limit (u WP ) is harder to define and depends greatly on soil physical characteristics. If the effects of soil physical characteristics on soil water availability are understood, water can be maintained within appropriate limits and the potential for both crop water stress and agrichemical leaching will be minimized.
In this study, we hypothesized that (i) seasonal change in daily water uptake by citrus when not limited by soil water content follows predictable patterns relative to ET o , (ii) citrus water uptake at similar ET o decreases as soil water content decreases, and (iii) soil water uptake per unit volume of soil is positively related to root length density. Our objectives were to (i) determine the relationship of the ET c /ET o ratio to u to determine K s values across a range of u, and (ii) evaluate ET c per unit root length density. To evaluate the hypotheses and objectives of this study, daily ET c of mature citrus trees grown on a deep sandy soil under central Florida climatic conditions was estimated from soil water depletion measurements, and monthly K c was determined based on measurements or estimates of ET c , ET o , and u.
MATERIALS AND METHODS
We used three mature (14-yr-old) Hamlin orange grafted on Carrizo citrange [C. sinensis (L.) Osbeck 3 Poncirus trifoliata (L.) Raf.] rootstock trees planted 3.1 m apart in the row and 6.1 m between rows. The trees had been pruned along the top and sides of their canopies in each of the previous 3 yr, forming a hedgerow approximately 3.8 m wide and 5.9 m tall. Herbicides were applied as needed to maintain a nearly weed-free strip 3.5 to 4.0 m wide beneath the tree canopies. Trees were irrigated by a row of microsprinklers positioned along the tree row underneath the canopy. There was one emitter per tree, each with a 3.7-m diameter, 360j circular spray pattern and a flow rate of 61 L h
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. The irrigated area covered 57% of the soil surface area allocated to each tree. The equivalent precipitation rate of the sprinkler in the irrigated zone was 0.58 cm h 21 . Soil water content in the irrigated zones of each tree was maintained within a relatively narrow range of field capacity to 25% depletion of available soil water during the late winter to early summer months of February through June to support bloom and fruit set. Soil water content in the irrigated zone ranged between field capacity and 50% available soil water depletion the remainder of the year. Irrigation scheduling was provided using an automated irrigation control system with switching tensiometers at 15-and 30-cm depths in the irrigated zone. Duration of irrigation events was adjusted seasonally to provide water at the given setpoint to refill the soil to a depth of 0.8 to 1.0 m. All irrigation events occurred between 200 and 600 h to minimize surface evaporation from both wind and radiation. The use of switching tensiometers eliminated irrigation after rainfall events until soil water content returned to the appropriate setpoint. The tensiometers were inspected at approximately weekly intervals to ensure proper scheduling. Intervals between irrigation events varied seasonally due to daily ET o and available soil water depletion setpoint. With the exception of periods of the year with high rainfall frequency, irrigations ranged from every 2 to 5 d in the late winter and spring and every 3 to 10 d during the remainder of the year. Soil water content in the irrigated zone at all four measurement depths was plotted (Fig. 2) for 15 d in May 2000 to illustrate irrigation control to a 1-m depth. With the exception of rainfall events greater than about 12 mm, little water drained through the profile to the 1.5-m depth.
The soil series at the site was Candler fine sand (hyperthermic, uncoated Typic Quartzipsamment). Candler is one of the prominent sandy Entisols on which citrus has been planted along the Florida peninsula's central ridge (Obreza and Collins, 2002) . It is dominated by macropores, exhibits hydraulic properties typical of a soil with narrow pore-size distribution (Fig. 3) , and has u FC of about 0.07 cm 3 cm 23 (Obreza et al., 1997) . Depth to water table was not measured at the site but is typically greater than 3 m the entire year.
A set of EnviroSCAN (Sentek Pty. Ltd., Stepney, SA) capacitance probes with sensors at 10, 20, 40, and 80 cm were used to measure soil water content at 0 to 15, 15 to 30, 30 to 60, and 60 to 100 cm soil depths. Sensors at 150 cm depth under one tree were used to monitor leaching below the root zone. The 5-cm-diameter acrylonitrile butadiene styrene access tubes that housed the probes were placed adjacent to three trees. To aid in calculating water uptake, the root zone of each of three measurement trees was partitioned into five sections based on the positioning of the probes (Fig. 4) . In-row and between-row sensors were placed 0.75 and 0.90 m from the tree trunk, respectively. Soil water measurements from these sensors represented u beneath two triangular regions (R1 and M1) each with a height of 1.25 m. Sensors placed at the midpoint between trees in-row (1.55 m from the tree trunk) were used to measure soil water content beneath a rectangular space (R2) for each of two adjacent trees equal to the distance 1.25 m from the trunk to the midpoint between trees (1.55 m) and 1.25 m distance from the center line between trees in-row in both between-row dimensions. Sensors 1.8 m between rows represented soil water content beneath the area (M2) corresponding to the tree dripline between 1.25 and 2.35 m from the tree trunk between rows and a length of the in-row spacing of 3.1 m. Soil water content beneath the area M3 corresponded to the region 2.35 m as a soil dries from field capacity (u FC ) to permanent wilting point (u WP ) (Allen et al., 1998) . RAW is readily available water, TAW is total available water, and u t is the soil water content below which water stress commences.
from the tree trunk to half the distance between trees (3.1 m) in the between-row direction and was determined using sensors 2.7 m from the tree trunk. Each sensor was individually normalized according to manufacturer instructions. A calibration curve relating sensor output to u was developed for the Candler soil using a gravimetric method (Morgan et al., 1999 (Jones et al., 1984; Zazueta et al., 1991) was obtained from a Florida Automated Weather Network (FAWN, 2004 ) station located about 0.4 km from the field site. The ET o for the above time interval was supplied by the FAWN database using the daily summary search for the Avalon station.
Water content of deep sandy soils equilibrates to u FC within a few hours after irrigation or rainfall (Fares et al., 2000) . Therefore, it was assumed that daily change in soil water content (Du) equaled the sum of water inputs (irrigation and rainfall) minus soil water depletions (ET c and drainage). This equation was solved for ET c resulting in Eq. 3. Thus, the net 24-h change in u for all layers containing a sensor (Du L ) less drainage from soil layers above and the addition of leachate amount from the layer approximated ET c once irrigation and rainfall volumes were accounted for. Soil water content for sensors at 10, 20, and 40 cm depths were assumed to be representative of soil depths 0 to 15, 15 to 30, and 30 to 50 cm, respectively. Soil water content at the 80-cm depth was assumed to represent u for the 50-to 100-cm depth due to the relatively homogenious nature of the Candler soil below 50 cm and similar root density (Menocal-Barberena, 2000) . ). Estimated soil water drainage for each soil depth increment (Q L ) was used for daily water mass flow. Soil water movement from one layer to the next was determined at 30-min increments using Richards' Equation (Eq. [4]). Unsaturated hydraulic conductivity [K(u)] and matric head (h) for use in Eq.
[4] were estimated at the same time intervals using equations from van Genuchten (1980) and are listed as Eq.
[5] and [6], respectively. Equation constants K, a, m, and n were determined for the same soil used in this experiment at 10-cm increments by Fares and Alva (1999) and Fares et al. (2000) .
where Q is soil water leached below soil layer (mm); K(u) is unsaturated soil hydraulic conductivity (mm d
); DH is soil layer vertical change in total soil water head (mm); Dz is vertical soil layer thickness (mm); Dt is fractional day. u s is saturated soil water content (cm 3 cm 23 ); a, m, and n are fitting parameters.
Daily change in soil water volume for each soil layer and sensor location was calculated by multiplying Du L by the corresponding soil layer depth, subtracting leachate from the soil layer above (Q L21 ), adding back soil water drainage from the layer (Q L ) at 30-min increments, and summing over 24 h. The daily soil water changes were summed by sensor location and subsequently multipled by the surface area assigned to the given probe (Fig. 4) . The resulting soil water depletion volumes were summed to give an estimate of daily soil water change in the upper 1 m of soil within the allocated tree space (in-row by between-row dimensions). Daily irrigation and rainfall volume, determined by multiplying daily application depth by tree allocation area, were subtracted from the daily soil water change as an estimate of net daily soil water depletion (DSWD) from the upper 1 m of the tree space. We limited our study to the top 1 m because typically few citrus roots are found below that depth (Mattos et al., 2003; MenocalBarberena, 2000) . Daily ET c was estimated by dividing DSWD by 18 m 2 , which was the surface area allocated to each tree. Available soil water (ASW) and daily mean weighted u (DMWC) were determined using the same depth and area weightings as the DSWD calculation by substituting u FC 2 u WP and mean daily u for Du L . Percentage daily available soil water depletion (ASWD) was determined from DSWD and ASW.
Daily mean tree water use (ET c ) was estimated for the three subject trees during a 24-mo period and compared with calculated daily ET o . The ratios of estimated daily ET c to calculated daily ET o for each of the three trees were averaged to estimate the ET o correction factor discussed in the introduction, which was assumed to be equivalent to the product (K c )(K s ) in Eq. [1]. To eliminate the effects of decreased u on water uptake, only ET c /ET o ratios on days where mean u was not less than 95% of u FC in both the irrigated and nonirrigated zones (i.e., K s assumed to be 1) were used to estimate daily K c . The relationship between daily K c and day of year (DOY) was determined by nonlinear regression analysis using a quadratic model. Daily ET c /ET o ratios [equivalent to (K c )(K s )] were calculated throughout the year and compared with mean daily u in the top 1 m of soil within the allocated tree space. The ratio of ET c to (ET o )(K c ) using the K c for the DOY was used to estimate the value of K s . Linear regression analysis was used to determine the relationship of K s to DMWC, and ASWD.
Citrus root length density was determined in January of 2001 and 2002 for five trees in a companion study from the same tree rows that were of similar size, rootstock, soil type, and cultural practices as the trees in this study. Soil cores 7.5 cm in diameter were removed with a bucket auger and roots were sampled 50, 100, and 150 cm from the tree trunk in the row and 50, 100, 150, and 200 cm from the trunk between rows. Soil samples were collected at 15-cm depth intervals to 90 cm. Roots were removed from the soil, and the length of roots up to 4-mm diameter were determined using the line intersect method (Newman, 1966) . Daily estimated ET c on a unit root length basis in the soil volume measured by each EnviroSCAN capacitance sensor was determined for the mean under-canopy (M1), dripline (M2), and between-row (M3) locations at each soil depth.
The rate of soil water withdrawal is influenced by surface evaporation and is related to the amount of soil shading. Likewise, transpiration by groundcover species increases withdrawal. Water withdrawal rates per unit root length at all locations and depths were compared. Increased water loss at the soil surface that could not be explained by root uptake was assumed to be due to one or both of the above factors. (Boman, 1994; Castel et al., 1987; Doorenbos and Pruitt, 1977; Rogers et al., 1983) . For example, during a 3-yr period, Castel et al. (1987) measured monthly ET c between 1.3 and 5.5 mm d 21 in a mature orange orchard in Spain. In contrast to the current study, Martin et al. (1997) reported an ET c range of 1.1 to 10.6 mm d 21 for citrus in Arizona under arid conditions, indicating similar minimum but higher maximum daily ET c compared with humid conditions in Florida.
RESULTS AND DISCUSSION

Seasonal (K c )(K s )
Ratios of mean monthly ET c to ET o (Table 1) as an estimate of (K c )(K s ) ranged from 0.65 to 0.91 and were lower than the range of 0.72 to 1.11 reported by Rogers et al. (1983) for a Florida citrus orchard. Allen et al. (1998) referred to estimated K c from soil water content measured several days apart as time-averaged K c and stated that these values are affected by the evaporative power of the atmosphere. They further stated that the higher the evaporative power of the atmosphere, the faster the soil will dry between water applications, thus the smaller the time-averaged K c will be. Monthly mean ET c is integrated over a relatively wide range of u, which explains the lower estimate of (K c )(K s ). Relating (K c )(K s ) to DMWC revealed a linear relationship with an r 2 value less than 0.5 due to the wide scatter of data points (not shown). However, the relationship was statistically significant (P , 0.01). Castel et al. (1987) found similar results, determining that 60 to 80% of the water taken up by mature citrus trees was extracted from the upper 0.5 m of soil.
K c Estimation
Reported K c values for central Florida citrus ranged from about 0.6 in winter to 1.1 in summer (Boman, 1994; Fares and Alva, 1999; Rogers et al., 1983) . Mean daily K c ranged between 0.55 and 1.2 for citrus under semiarid to arid conditions (Doorenbos and Pruitt, 1977; Hoffman et al., 1982; Martin et al., 1997; and Wiegand and Swanson, 1982) . Theoretically, K s should be 1 when u is at or close to u FC (0.070 to 0.075 cm 3 cm
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). Therefore, the ET c /ET o ratio should approximate K c at u FC . The ET c /ET o ratio when DMWC in the irrigated zone was between 0.065 and 0.080 cm 3 cm 23 in the top 1 m of soil ranged from 0.7 on DOY 24 (January) to 1.1 on DOY 179 (June) (Fig. 5) . Thus, K c estimated here agrees well with previous studies. DOY explained more than 88% of the variation in the ET c /ET o ratios when u was between 
K s Estimation
The ET c /ET o ratio when u is less than u FC approximates K s , assuming K c equals 1. Since we found that K c varied between about 0.8 and 1.1 during the course of a season, daily ET o was multiplied by the appropriate K c estimated for the DOY. ET c /[(ET o )(K c )] ratios were calculated to approximate K s and were plotted against DMWC and ASWD (Fig. 6) .
A region of readily available water exists between u FC and approximately 30 to 50% ASWD for loam and loamy clay soils where essentially no crop water stress occurs (Allen et al., 1998) . However, the region of RAW is considerably reduced for sandy soils. Linear regression analysis determined the range of RAW to be less than 1% of ASWD in the upper 1 m of the total soil volume within the tree allocated space (Fig. 6) . Estimates for K s decreased from unity at 1% ASWD to approximately 0.5 at 50% ASWD for all soil volumes. A K s value of 0.5 translates to a reduction of 50% in ET c between field capacity and 50% ASWD.
The reduction in ET c reflected by K s decreasing from 1 to 0.5 as ASWD increased from 1 to 50% seems rather extreme. However, Rogers et al. (1983) suggested that lower estimated K c values in the spring were caused by low rainfall and low u outside the irrigated zone. Their reported K c values of 0.77, 0.72, and 0.95 for March, April, and May are 84, 76, and 92% of our estimated K c values (Fig. 5) . K c values for the rainy season months of June and July were 101 and 97% of our values, indicating that estimating K c from weekly water balances can lead to lower values during periods of low rainfall and high evaporative demand.
Stress associated with ASWD greater than 33% during periods of bloom, fruit set, and rapid vegetative growth in the spring was found to reduce yield of overhead irrigated citrus grown on sandy soils under Florida climatic conditions (Koo, 1963 (Koo, , 1978 . Koo also determined that ASWD of 66% could be tolerated during summer, fall, and winter months. Thus, the potential onset of crop water stress associated with K s of 0.7 from February through June and 0.4 from June through January should be used to schedule irrigation to maximize yields while minimizing water use.
Soil Water Uptake per Unit Root Length
The daily rate of soil water uptake decreased with increased soil depth (Fig. 2) . Citrus tree roots were concentrated in the top 30 cm of soil under the canopy and decreased with soil depth (Table 2) . Estimated ET c per unit soil depth was determined by dividing layer ET c by the layer depth. Maximum depth-adjusted ET c at weighted u near field capacity followed seasonal ET o trends. The months of May and December were chosen to illustrate periods of the growing season with high (5.2 mm d 21 ) and low (1.8 mm d
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) mean daily ET demand, respectively. Depth-adjusted layer ET c at u near field capacity from four measured depths (10, 20, 40, and 80 cm) were plotted for each of the three distances from the tree trunk (90, 180, and 270 cm) for the months of May and December in Fig. 7 and 8, respectively. Daily depth-adjusted uptake rates at all depths and distances followed the root length density distribution in Table 2 , indicating that soil water uptake was proportional to The dashed lines estimate u t , the critical point at which soil water status begins to limit plant water uptake. root length density. Water uptake per unit depth from each soil layer decreased proportionally with layer u less than field capacity similar to the relationship of K s to weighted u (Fig. 6) .
Regression analysis of soil water uptake per unit root length density versus mean daily u showed that a second order polynomial model provided the best fit (Table 3) . Water uptake per unit root length was remarkably similar for the various locations and depths, with the exception of the 10 cm depth between rows (zone M3 in Fig. 4) A wide scatter in the data combined with a long, shallow sloping tail resulted in a relatively low r 2 and generally high RMSE. However, all regressions were statistically significant (P , 0.01) and formed an approximation of water uptake at given u within the constraints of the RMSE.
The maximum root water uptake rate observed in this study was substantially less than the 4.0 to 5.0 mm 3 mm 21 d 21 range reported for agronomic crops (Hamblin and Tennant, 1987; Bland and Dugas, 1989; Zaongo et al., 1994) , which is somewhat surprising considering the differences in root morphology of annual versus perennial crops. Soil water uptake rate was closely related to root length density, thus soil regions containing higher root length density will dry out at a proportionally higher rate. Hence, a model of soil water uptake and depletion based on root length density would be appropriate for citrus.
Water uptake per unit root length values of approximately 1.7 mm 3 mm 21 d 21 at u FC were found at the 10 cm depth between rows, which is approximately one-third greater than that at other locations and depths. The increase in apparent water uptake could be explained by water use by noncrop species in the row middles that were not present beneath the tree canopy. Weed species in the drive middles (M3) of the experimental area were primarily bahiagrass (Paspalum notatum Fluegge) with occasional bermudagrass [Cynodon dactylon (L.) Pers.] and Florida pusley (Richardia scabra L.) common to central Florida. These species are relatively shallow rooted explaining the disproportionately large water uptake at the 10 cm depth of the M3 area (Fig. 4) . The middles were mowed at regular intervals as is the common commercial citrus practice on Florida's deep sandy ridge. Therefore, K c and K s presented in this paper reflect typical central Florida growing conditions. Smajstrla et al. (1986) measured 46 to 105% higher annual citrus ET c in orchards with full grass cover compared with those having bare soil. Similarly, Stewart et al. (1969) measured citrus ET c rates that were 68 and 92% of full sod cover for bare and two-thirds sod cover, respectively. A portion of the increase in water uptake can be explained by exposure of the soil surface to direct sunlight. An example of the effect of soil surface shading was cited by Castel and Buj (1992) , who reported a decrease in water uptake as ground shading by young Clementine trees increased during a 4-yr period. The test hypotheses established for this experiment relating water uptake to time of year, soil water content, and root density has been supported. A model based on the concepts of K c and K s to estimate daily citrus water uptake appears to be sound. Thus, the estimation of soil water uptake and resulting depletion based on root length density is sound and would provide a reasonable soil water balance for a water and nutrient management expert system.
CONCLUSIONS
Based on the results from this study, we conclude that ET c can be calculated by modifying ET o values for crop and residual soil moisture conditions using appropriate K c and K s coefficients. Minimum K c was about 0.7 in December and January, while maximum K c of 1.1 occurred during the months of June and July. Soil water use decreased with soil water content, resulting in a K s value that dropped from 1.0 at #1% ASWD to 0.5 at 50% ASWD. With few exceptions, daily soil water uptake per unit root length density was similar for all soil layers. The best correlation between daily water use and soil water content was found in the soil volume containing the highest root length density. Therefore, the hypothesis that soil water uptake relative to calculated reference evapotranspiration is related to season of year, soil water content, and root length density was confirmed. Estimation of soil water uptake and resulting soil depletion based on root length density would allow for a relatively accurate assessment of soil water depletion, crop water status, and effective soil water storage capacity using a layered soil profile modeling approach. Such approach would allow model users to predict soil water depletion throughout a soil profile and assess effective soil water storage capacity and potential leaching of nutrients associated with rainfall and/ or irrigation.
